[1] We compare the timing and spatial extent of dipolarization with auroral breakup by using magnetic field data (1-min time resolution) from GOES 8 and GOES 9 and global auroral images (37-s frame rate) from the Polar ultraviolet imager. We survey the entire year of 1997 data and obtain 32 unambiguous dipolarization events that had ionospheric footprints within 2 hours in magnetic local time (MLT) from their associated auroral breakups. It is found that the auroral breakup preceded the arrival of dipolarization at GOES by an average of 1.7 ± 2.7 min. (1.0 ± 2.1 min for events ±1 hour from the auroral breakup). The delay of geosynchronous dipolarization represents a propagation time, as the substorms rarely initiated at the GOES location. Propagation velocities derived from the propagation time are $60 km s À1 eastward, $75 km s À1 westward, and $270 km s
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earthward at geosynchronous orbit. We also show for the first time that auroral bulge and dipolarization region closely map; the bulge is the region of currents out of the ionosphere. The eastern edge of the dipolarization region, where field-aligned currents are flowing into the ionosphere, is, based on the T89 magnetic field model, located at $0.5 hour in MLT eastward of the eastern edge of the auroral bulge. Within the initiation site meridian the dipolarization onset was observed $1 min prior to the auroral breakup at the GOES altitude. This time is associated with Alfvén transit time and therefore depends on the radial location of the onset. The azimuthal scale of the initiation site is found to be $0.5 hour in MLT in the ionosphere or less than $1 Earth's radius at 6.6 R E . These results support current diversion into the ionosphere as a critical part of substorms. Finally, a simple timing analysis of specific substorm onset time features suggests that near-Earth reconnection cannot occur before current disruption and therefore cannot be the cause of substorm.
Introduction
[2] Enhanced magnetotail stretching occurring during the ''growth phase'' of a substorm has become, in general, a consensus in the substorm community. Prior to the onset of a substorm, the cross-tail current sheet intensifies, and the magnetic field at geosynchronous orbit becomes very stressed and tail-like [Fairfield and Ness, 1970; Sauvaud and Winckler, 1980; Kokubun and McPherron, 1981; Nagai, 1982; Kaufmann, 1987; Lopez et al., 1998 ]. Intensification of the sheet current is particularly pronounced in the near-Earth ( 10 R E ) equatorial plasma sheet [Lui, 1991; Kennel, 1992] . The process of magnetic field stretching is found to cease abruptly at substorm onset, and the configuration of field line changes from a tail-like to a dipole-like orientation [Cumming et al., 1968; McPherron et al., 1973; Sauvaud and Winckler, 1980; Kokubun and McPherron, 1981] .
[3] The later process is often referred to as ''dipolarization'' and is often interpreted as a diversion of the cross-tail current into the ionosphere forming a substorm current wedge (SCW) [Bonnevier and Rostoker, 1970; McPherron et al., 1973; Rostoker, 1974] .
[4] Stretching and releasing of the Earth's magnetic field can be routinely monitored with satellites stationed at geosynchronous orbit as this process is associated with crosstail current enhancement and disruption in the near-Earth plasma sheet from 6 to 10 R E [Lui, 1991; Kennel, 1992] . Characteristics of magnetic field configuration at geosynchronous orbit during substorm periods were established some 2 decades ago. Dipolarization starts in a longitudinally confined region and is followed immediately by an azimuthal expansion in either direction after onset [Kokubun and McPherron, 1981; Nagai, 1982] . Nagai [1982] found that variations in the eastward component of magnetic field occur simultaneously (with less than 2 min in difference) with magnetic substorm onset, determined by the start of magnetic positive bays at low-latitude stations. The time difference between the onset of a dipolarization and the start of a positive magnetic bay is local time dependent; it is smallest in the premidnight region and tends to increase with the increase of local time separation from midnight.
[5] Substorm onset timing has renewed its attention lately owing to the widely available data set from the coordinated International Solar Terrestrial Physics(ISTP) satellite and ground-based observations. Precise timing of onset signatures may shed light on the mechanism of onset. In a series of recent works [Liou et al., , 2000a [Liou et al., , 2000b [Liou et al., , 2001a we demonstrated that most of the substorm onset identifiers, including high-latitude magnetic bays, Pi2 magnetic pulsations, auroral kilometric radiations, and dispersionless energetic particle injections, are subject to propagation-related delay. We showed that the delays were mainly caused by measurements of these onset signatures not being local to the initiation region. Therefore auroral breakup is the best diagnostic of substorm onset when identified with global auroral imagers.
[6] Being one of the major signatures of magnetospheric substorm expansion phase onset, dipolarization can be used to time substorm onset. Recently, Frank et al. [2000] reported a fortuitous event of simultaneous dipolarization onset, observed by Geotail at $14 R E , and auroral breakup, observed by the Polar visible imaging system (VIS). Since cross-tail current disruption typically takes place just a few Earth's radii outside the geosynchronous orbit [Lui, 1991; Kennel, 1992] , delays in dipolarization onset time at geosynchronous orbit with respect to auroral breakup are therefore expected. Relative timing between dipolarization onset at geosynchronous orbit and auroral breakup has not been established and deserves an investigation.
[7] Magnetic field signatures seen at geosynchronous orbit are expected to be closely related to substorm-associated auroral expansion. According to the substorm current wedge model [Atkinson, 1967; McPherron et al., 1973] , dipolarization is associated with disruption and diversion of part of the magnetospheric cross-tail current into the auroral ionosphere, where it flows across the substorm central meridian in the westward electrojet. As the auroral bulge expands during the substorm expansion phase, the region covered by the electrojet current expands as well. Similarly, the disrupted current, which is initially confined to a small region, later expands longitudinally and radially during substorm expansion phase [Lopez et al., 1990] . If dipolarization is confined to the region of current disruption, it should increase in harmony with the expansion of aurora during the substorm expansion phase.
[8] Some of the predications of the substorm current wedge model have been more or less confirmed by a number of observations. Pellinen et al. [1984] reported a few cases in which the impulsive horizontal component of electric field fluctuations and the westward traveling surge associated with substorm auroral bulge were observed at the same time, respectively, by GOES 2 geosynchronous satellite and its conjugate ground-based all-sky auroral images. They interpreted the observed electric field as a result of an inductive effect of a downward field-aligned current. More direct evidence was reported later by Gelpi et al. [1987] . In two of the three Defense Meteorological Satellite Program (DMSP) images of substorm auroral surge studied, Gelpi et al. [1987] found that magnetic field at geosynchronous orbit was tail-like when the GOES magnetic footprint was outside and to the west of the surge, whereas magnetic field was dipole-like when the GOES magnetic footprint was inside the surge. It is important to note that the interpretation of these results was somewhat compromised by the limitations of these measurement techniques, and direct observational evidence that can unambiguously relate dipolarization with substorm auroral bulge is yet to be found. In the present paper we will provide a detail dipolarizationauroral bulge relationship by analyzing global auroral images acquired from the ultraviolet imager (UVI) on board the Polar satellite.
[9] The outline of the remaining part of the paper is as follows. In section 2 we first describe the typical magnetic field configuration at geosynchronous orbit before and after substorm onset by using superposed epoch analysis. The time difference between dipolarization onset and auroral breakup is examined. The possible cause of the time difference will also be investigated. A detailed discussion of the results is given in section 3, followed by conclusions in section 4.
Observations
[10] The present investigation utilizes global auroral images acquired from the ultraviolet imager [Torr et al., 1995] on board the Polar spacecraft to identify substorm events and determine their onset times. The Polar UVI is capable of providing continuous, full or partial coverage of the northern auroral oval at a temporal resolution of $37 s. Fluxgate magnetometer data of 1-min time resolution from the National Oceanic and Atmospheric Administration (NOAA) synchronous (r $ 6.6 R E ) weather satellites GOES 8 ($75°W) and GOES 9 ($135°W) are used for examining magnetic field dipolarization.
[11] We first examine the Polar UVI images to identify substorm events based on the classical auroral substorm scheme depicted by Akasofu [1964] . A detailed procedure of determining substorm onset is given by Liou et al. [2001b] . A total of 523 substorms with clear onset and expansion features are identified in the entire year of 1997. We then search the GOES database for dipolarization signatures during the periods of the 523 substorm events. A set of procedures are adopted here for selecting dipolarization events. The GOES magnetic field data are first converted to the VDH coordinate system. In this coordinate system, H is antiparallel to the dipole axis, V points radially outward and is parallel to the magnetic equator, and D completes the right-hand orthogonal system and is positive eastward. The magnetic elevation angle, defined as tan
À1
(ÀB H /B V ), is then calculated. We examine the degree of magnetic inclination to identify dipolarization events. The onset of dipolarization is defined as the start of the field line reconfiguration from a stretched to a more dipole-like orientation. A decrease of $10°in the elevation angle within $10 min is required to be considered as dipolarization. This condition generally eliminates small substorm events. Lastly, we required dipolarization to be observed within 2 hours in magnetic local time (MLT) of the location of auroral breakup. This requirement is based on the fact that a dispersionless energetic particle injection can only be seen ±2 hours of MLT from an auroral breakup [Liou, 2001a] . Under these procedures/criteria a total of 32 unambiguous dipolarization onsets seen either at GOES 8 or GOES 9 are selected. The average (median) breakup location is 2241 (2248) MLT and 66.7°(66.6°) MLAT, and the average (median) ionospheric footprint of GOES is 2258 (2254) MLT and 64.3°(64.5°) MLAT (see Figure 1) .
[12] For each event the ionospheric footprints of the GOES 8 and GOES 9 satellites are calculated with the T89 magnetic field model [Tsyganenko, 1989] . The centroid of the auroral onset arcs (usually a bright spot in UVI) is also determined.
[13] Averaged magnetic field characteristics for the 32 substorm events are first studied using superposed epoch analysis technique, and the results are shown in Figure 2 . The three components of magnetic field are plotted in Figures 2a -2c . Prior to the auroral breakup (the zero epoch time), the radial (V ) component of the magnetic field progressively increased, while the north (H ) component of the magnetic field progressively decreased, indicating stretching of the magnetic field. This preonset magnetic field signature also appeared in the magnetic elevation angle in Figure 2d as early as 1 hour prior to the auroral breakup. This process of field line stretching ceased $1-2 min prior to the auroral onset and became dipolarized in $10-20 min. After onset the magnetic field was overcompensating and lasted $1 hour. Note that there is a small difference in determining the onset time of dipolarization from the H component and V component of magnetic field. To circumvent this ambiguity, we use elevation angles to determine the onset time. Polarity of field-aligned currents associated with dipolarization can be determined from the D component of magnetic field. As expected, the fieldaligned currents were small at geosynchronous orbit before onset. Immediately after onset, a positive change in the D component of magnetic field indicates the GOES satellites were located, on average, at magnetic fluxes of upward field-aligned currents. To study variations of magnetic field strength before and after the onset, magnetic field strength for each event is subtracted from its preonset hourly average and is superimposed over the 32 events to yield Figure 2e . It is clear that the magnitude of magnetic field did not change significantly before onset. After onset, however, the field strength increased by $10 nT in $20 min and reached its maximum. The maximal field strength occurred when the elevation angle reached its maximum. Note that the onset of the explosive magnetic field increase was not coincident with the auroral breakup. A $5-min delay can be discerned. [14] Time differences between the dipolarization onset and the auroral breakup for the 32 events are also calculated. The event histogram plotted against the onset time differences, Td0 À Ta0, where Td0 is the time for the arrival of dipolarizations at GOES and Ta0 is the time of auroral breakups, is shown in Figure 3 . The majority of events were clustered around bins from À1 to 2 min with a peak at the 0 -1 min bin. However, there were a few events scattering to the right, indicating further delays of the dipolarization seen at geosynchronous orbit. The average delay time is 1.7 min with a large standard deviation of 2.7 min. The delay time is slightly reduced to 1.0 ± 2.1 min if events were limited to ±1 hour in MLT of the breakup (23 events in total in this category).
[15] Although the delay of the geosynchronous dipolarization onset relative to the auroral breakup is small on average, the actual delay can be as large as 9 min. To understand the delay, we first examine in detail a substorm event that occurred on 17 July 1997. Figure 4 shows a sequence of nightside auroral images in the N 2 LymanBirge-Hopfield (LBH) bands acquired from Polar UVI during a substorm period that commenced at 2100 MLT and 68°M
LAT at $0635 UT. At the time of onset, GOES 9 was located at $2100 MLT, the same local time but $2°in magnetic latitude (MLAT) equatorward of the auroral breakup, while GOES 8 was located at $0130 MLT, $4.5 hours in MLT east of the auroral breakup. For this particular event, expansion of the auroral bulge was primarily eastward.
[16] Figure 5 shows the elevation angles and the D component of the magnetic fields at GOES 8 and GOES 9 during the substorm interval from 0530 to 0730 UT. Although the two satellites were about the same distance from the midnight and both observed magnetic field stretching and dipolarization signatures, the time for the dipolarization arrival at the two satellite locations differs significantly. The dipolarization onset at GOES 9 occurred at 0635 UT, simultaneously with the auroral breakup. After onset the field at GOES 8 continued to become more taillike until the arrival of the dipolarization at 0648 UT, 13 min after the auroral breakup. Detailed examination of the sequence of auroral images in Figure 4 indicates that the delay of the dipolarization onset at GOES 8 is almost consistent with the time when the substorm auroral bulge reached the ionospheric footprint of the GOES 8 satellite. There was $0.5 hour in MLT offset in the eastward edge of the auroral bulge and the GOES 8 satellite footprint at the dipolarization onset time at 0648 UT, with the auroral bulge being west of the dipolarization.
[17] The D component of the magnetic field at GOES 8 had a negative change starting at the auroral breakup and reached a minimum (ÁB D $ 40 nT) at the local dipolarization onset, indicating that a downward field-aligned current westward of GOES 8, presumably associated with the auroral breakup, was moving eastward toward GOES 8. Variations of B D changed sign to positive from negative at $0648 UT when the expanded auroral bulge almost reached the local time of GOES 8. At GOES 9, which was located at the same meridian as the auroral breakup, the D component of the magnetic field showed a dipolar configuration: an increase in B D (an upward field-aligned current) started $8 min before the auroral breakup, a sharp B D drop immediately after the breakup (ÁB D $ 6 nT), and a slow recovery.
Since GOES 9 was located at $2130 MLT, the preonset B D increase is most likely associated with an enhanced neutral sheet current or earthward displacement of the neutral sheet current. After the auroral breakup a downward field-aligned current associated with a substorm current wedge prevailed at GOES 9 but slowly faded away as the auroral bulge expanded eastward.
[18] Another substorm event that describes the westward edge of dipolarization occurred on 6 September 1997. A sequence of Polar UVI auroral images of the nightside auroral oval in LBH bands from 0542 to 0518 UT are shown in Figure 6 . In this event the auroral breakup took place at 2230 MLT and 66°MLAT at $0457 UT. Note that a localized brightening took place at $0100 MLT just eastward of GOES 8 a few minutes prior to the onset but faded thereafter. At the time of onset, GOES 8 was located at midnight, and GOES 9 was located at $2000 MLT. For this particular event, expansion of the auroral bulge is more pronounced westward than eastward.
[19] Magnetic field behavior during the substorm period at GOES 8 and GOES 9 from 0400 to 0600 UT is given in Figure 7 . According to the Polar UVI images, GOES 8 was located near midnight and just westward of the breakup meridian. A clear preonset signature of progressive magnetic field stretching that started at $0330 UT (not shown) is observed prior to the onset. The D component of the magnetic field indicates an impulsive positive change prior to the onset, indicating the existence of an upward (out of the ionosphere) field-aligned current at or eastward of GOES 8. This field-aligned current may be associated with the small brightening of aurora eastward of the GOES 8 meridian just prior to the onset. A small excursion in the elevation angle but quickly overtaken by the progressive trend of field stretching can also be seen in Figure 2a . Right before the onset the D component of the magnetic field dropped sharply and resulted in a net negative change after the onset. The implied field-aligned current was downward (into the ionosphere) at or westward of the GOES 8 meridian. According to the auroral images, GOES 8 was located at $1 hour in MLT eastward of the onset bulge. It is SMP expected that a large field-aligned current flows into the ionosphere from the eastern side of the intensified auroral region and that a large field-aligned current flows out of the region to form a substorm current wedge.
[20] Magnetic field signatures at GOES 9, which was located only a few Earth's radii eastward of the onset meridian, revealed a slower and smaller decrease in the elevation angles than those of GOES 8 before the breakup (see Figure 7c) . A slow and small increase in the elevation angle appeared $10 min before the breakup. Interestingly, the elevation angle dropped at a much faster rate after the breakup until $0508 UT, when the auroral bulge expanded westward and reached the meridian of the GOES 9 ionospheric footprint. The D component of magnetic field had a positive change starting $10 min before the breakup and reached its maximum $10 min after the breakup. This implied that an upward field-aligned current was located eastward of the GOES 9 meridian during the onset period, in good agreement with the auroral images.
[21] These two events clearly demonstrated the temporal and spatial relationship between substorm auroral bulge in the ionosphere and dipolarization region in the magnetosphere. The longitudinal separation of the satellite from the substorm auroral surge and the speed of bulge expansion [Baker and Wing, 1989] .
certainly play an important role in determining the dipolarization onset time. It is important to point out that in these two events both substorms were initiated just outside the geosynchronous orbit. The simultaneity of auroral breakup and dipolarization onset at GOES 9 for the first event and at GOES 8 for the second event indicates that the dipolarization may have occurred prior to the breakup because it takes finite time for moving magnetic flux to the GOES satellites from the onset regions.
[22] To further illustrate this spatial effect, we plot time differences between the two onset signatures as a function of the magnetic location time and latitude, with both local times and latitudes of dipolarization onsets being centered at the breakup location, in Figure 8 . Note that both GOES 8 and GOES 9 observations of dipolarization for the 32 events are included in Figure 8 , adding up to a total of 51 events. The time differences between the dipolarization onset and auroral breakup, Td0 À Ta0, are color-coded ranging from À2 to 20 min. It is clearly indicated that the dipolarization onset observed at geosynchronous orbit often followed (positive values) the auroral breakup. Several results can be drawn from Figure 8 . First of all, most of the surveyed auroral breakups were located poleward (negative values for MLAT around breakup) of the footprint of the GOES satellites or, equally speaking, most of the surveyed auroral breakups map to the magnetospheric equator outside the geosynchronous orbit. Second, there are more green dots (less delay) than red dots (more delay) near the center of auroral breakup, indicating the delay time of dipolarization onset increases with the increase of the local time separation from breakup. This also can be seen from the top panel of Figure 8 in which average delay time (over a 1-hour bin) is plotted as a function of MLT. Third, there are more green dots to the east than to the west of the auroral breakup, indicating that the center of dipolarization region is located on the east of the auroral breakup. The minimum time delay was found to occur at $0.5 hour east of the auroral breakup. Fourth, at this local time, dipolarization onset was found to precede the auroral breakup by $1 min. Finally, the delay time of dipolarization onset seen at GOES is also related to their radial expansion of substorm onset/current disruption region. Interestingly, the minimum delay time seems to occur when the footprints of the GOES satellites were $1°poleward of the auroral breakup.
[23] The azimuthal expansion speed of the auroral bulge or, equivalently speaking, the azimuthal expansion speed of the dipolarization region can be estimated from the top panel of Figure 8 . Linear regressions yield a westward speed of $4.9°min À1 and a eastward speed of $6.1°m in
. These values translate to 60 km s À1 westward and 75 km s À1 eastward at 6.6 R E . Similarly, the earthward expansion speed of the substorm onset/current disruption region is estimated from the right panel of Figure 8 to be $0.84°min À1 . Converting this value to an actual speed in the magnetosphere is nontrivial because it requires a realistic magnetic field model. The empirical Tsyganenko T89 is an average geomagnetic field model parameterized by Kp [Tsyganenko, 1989] and therefore cannot simulate the very stretched, tail-like field line prior to substorm onset. To a reasonable approximation, 1°in MLAT in the auroral oval latitude in the ionosphere corresponds to 3 R E , on average, in the near-Earth tail. Therefore the earthward speed is estimated to be in the range of $270 km s À1 , which is in agreement with previous results Ohtani, 1998 ]. The substorm initiation site can be estimated by using the average delay time of dipolarization at geosynchronous orbit. In order to eliminate azimuthal expansion effect, dipolarization events are limited to ±1 hour from the auroral breakup. Under this criterion the average delay time is 1.0 min, and the upper limit of average radial distance for the initiation site is estimated to be 8.3 R E .
Discussion
[24] Dipolarization of magnetic field at geosynchronous altitude during substorm periods was investigated, with emphasis on its timing and longitudinal extent relative to auroral breakup. It has been shown that auroral breakup is the most consistent and reliable substorm onset identifier . With a typical 37-s imaging rate from UVI, the uncertainty in timing the auroral breakup should be no more than 1 min on average. Combining with the 1-min time resolution of magnetic field data from GOES 8 and GOES 9, an uncertainty of 1 min (±30 s) should be borne in mind when interpreting some case results.
[25] Superposed epoch analysis from 32 dipolarization onsets that occurred within 2 hours in MLT of the auroral breakup meridian indicates that continuous stretching of magnetic field is a typical preonset signature. This stretching SMP process of magnetic field lasts typically 1 hour and constitutes the substorm growth phase morphology at the nightside geosynchronous orbit [Kokubun and McPherron, 1981] . Since the present study is limited to moderate to large substorm events, a less stressed magnetic field may likely occur for small substorms. After onset the averaged field configuration recovered and returned at a faster speed to its presubstorm level in $10 min. Overcompensation of the dipolarized magnetic field can occur after $10 min from the onset and may last over 1 hour. The duration of the field reconfiguration from a tail-like to a more dipole-like orientation signifies substorm expansion phase [Cumming et al., 1968] . Our study results indicate that this duration is $10 min, which is in good agreement with the time required for auroral power reaching its maximum after onset [Newell et al., 2001 ]. Evolution of the magnetotail field configuration at the onset meridian at geosynchronous orbit during substorm periods has never been reported. This result certainly provides important information about typical magnetotail dynamic during substorm periods as a test bed for theories and models.
[26] On the basis of 32 dipolarization onsets observed within 2 hours in MLT from their associated auroral breakups, it is found that these dipolarization onsets at geosynchronous orbit often revealed delays with respective to the auroral breakups. The delay, as shown in Figure 8 , was found to be associated not only with the azimuthal but also with earthward propagation/expansion of the dipolarization region. The average delay time is 1.7 ± 2.7 min. A smaller delay time of 1.0 ± 2.1 min is obtained if the dipolarization events are limited to ±1 hour in MLT of the breakup (23 events in total in this category). [27] There is one question concerning the delay time of dipolarization in relation to the latitudinal separation. The minimum delay time took place when the GOES footprint was not at the same latitude as but $1°poleward of the auroral breakup. Although, we cannot rule out the possibility of initiation of current disruption earthward of the geosynchronous orbit [Roux et al., 1991] . It is more likely that systematic errors in mapping the GOES satellite location using the T89 model could have yielded such a result. It is well known that the Earth's magnetic field is very stretched prior to substorm onset [Fairfield and Ness, 1970; Sauvaud and Winckler, 1980; Kokubun and McPherron, 1981; Nagai, 1982; Kaufmann, 1987; Lopez et al., 1998] . A stretched, tail-like field line can actually map a fixed point in the ionosphere to the equatorial magnetosphere farther down the tail than a dipole field model does. Conversely, a stretched, tail-like field line can map a fixed point in the magnetosphere to the ionosphere at a higher latitude than a dipole field model does. The three events that showed significant poleward of the auroral breakup in Figure 8 did correspond to low-latitude auroral onset (63°, 63.8°, and 64.9°, respectively), indicating that the magnetotail is very stretched and, consequently, making a reliable mapping impossible. This result may have put the possibility of a very close substorm initiation region significantly earthward of the geosynchronous orbit in doubt.
[28] The two cases studied have unambiguously demonstrated that the delays of the dipolarization onsets with respect to the auroral breakups are due primarily to the azimuthal expansion of substorm auroral bulge. Although the delay time seems to be shorter when the dipolarization onset is closer to the breakup in general, the azimuthal expansion speed of auroral bulge, which is usually not constant or predictable, plays a more important role in the delay time. The azimuthal expansion of the substorm current wedge has been previously studied by many investigators with different means [Kokubun and McPherron, 1981; Nagai, 1982; Lopez et al., 1990] . These investigations have yielded a wide range of the expansion speed.
[29] Using six midlatitude ground magnetograms, Kokubun and McPherron [1981] found in one case a longitudinal speed of $2°min À1 ($24 km s À1 at 6.6 R E ) was responsible for the delays of peaks in the H and D components of magnetic field. By using GOES 2 and GOES 3 and groundbased magnetometer data, Nagai [1982] estimated that the dipolarized region expands $6.5°min À1 ($80 km s À1 at 6.6 R E ) duskward and $2.4°min À1 ($30 km s À1 at 6.6 R E ). Lopez et al. [1990] studied a substorm event with four specially configured satellites and estimated a propagation speed of $13°min À1 ($160 km s À1 at 6.6 R E ). The inferred expansion speeds of dipolarization region from the present study are $4.9°min À1 ($60 km s À1 at 6.6 R E ) westward and $6.1°min À1 ($75 km s À1 at 6.6 R E ) and are well within the speed range from previous studies and therefore represent typical speeds for the eastward and westward expansion of a current disruption region. The asymmetry of the eastward/westward expansion speed (faster westward and slower eastward) may be associated with the fact that expansion of a substorm bulge after onset is predominantly westward.
[30] Variation patterns in the D component of the magnetic field at geosynchronous orbit during substorm periods may provide evidence of a pair field-aligned currents, one into the ionosphere from the east and one out of the ionosphere from the west of the substorm central meridian [Kokubun and McPherron, 1981] . The paired field-aligned currents are consequences of disruption and diversion of the east-to-west cross-tail current following the substorm onset [Atkinson, 1967; McPherron et al., 1973] . As shown in Figure 8 , the minimum delay time of dipolarization onset at geosynchronous orbit was offset 0.5 hour of local time eastward from the auroral breakup. Since the onset arcs are associated with an enhanced upward field-aligned current, a downward field-aligned current must be provided eastward of the onset region from the magnetosphere. Therefore the 0.5 hour of local time offset in the magnetosphere would correspond to a region where the cross-tail current is diverted as a field-aligned current into the ionosphere. According to Figure 4 , the dipolarization arrived at GOES 8 at $0648 UT when the magnetic footprint of GOES was located $0.5 hour in MLT eastward of the eastward edge of the substorm bulge. Similar features are also observed in many other cases (not shown). Therefore the 0.5 hour local time offset corresponds to the eastward edge of the SCW. Since dipolarization expands both eastward and westward from a relatively narrow local time sector [Kokubun and McPherron, 1981; Nagai, 1982; Arnoldy and Moore, 1983; Lopez et al., 1998 ], the 0.5 hour offset of local time from the onset meridian would correspond to the dipolarization origin. Therefore the size of the initial dipolarization region should be $0.5 hour of local time wide or slightly less than 1 R E at 6.6 R E and is in good agreement with case study results from Ohtani et al. [1991] .
[31] It is generally accepted that magnetic field dipolarization [Cumming et al., 1968; McPherron et al., 1973; Sauvaud and Winckler, 1980; Kokubun and McPherron, 1981] , presumably associated with diversion of the crosstail current into the ionosphere [Bonnevier and Rostoker, 1970; McPherron et al., 1973; Rostoker, 1974] , and energetic particle injections (substorm injections) [Arnoldy and Chan, 1969; McIlwain, 1974] are manifestations of magnetospheric substorms that initiate in the near-Earth magnetotail region. If the initiation is not local to the satellite, propagation delay in both onset signatures should be expected. Liou et al. [2001a] have recently analyzed 34 dispersionless (within $1 min) substorm injection events by using high-energy electron and proton data from synchronous orbit particle analyzer (SOPA) on board the Los Alamos National Laboratory (LANL) 1994-084 and 1991-080 spacecraft [see, e.g., Belian et al., 1992] . They found that dispersionless substorm injections at geosynchronous orbit often lagged behind their associated auroral breakup by an average of 1.8 ± 2.5 min. Since the dispersionless injections usually implies no magnetic gradient and curvature drift in the azimuthal directions, the delay of the dispersionless injections is due primarily to the earthward propagation/expansion of the onset region [Liou et al., 2001a] , and this region is believed to be where cross-tail current disrupts. Particles can be energized by an induction electric field associated with the magnetic field dipolarization [Aggson et al., 1983] .
[32] Previous observations have shown generally good correlation between dipolarization and particle injection [e.g., Sauvaud and Winckler, 1980; Lopez et al., 1989] . Detail comparison (within, say, 1-2 min) of onset timing of the two phenomena has surprisingly never been reported. Lack of reliable information about the substorm onset location for this type of study can lead to inconsistent results. The Polar UVI global auroral images not only provide unambiguously the onset location but the onset time. As clearly shown in Figure 8 , the delay time of dipolarization depends strongly on the azimuthal location with respect to auroral breakup. The dipolarizations observed ±2 hours from the auroral breakups were subject to a large time delay due to the azimuthal expansion/ propagation of the source region. To compare the delay time of typical dipolarization onsets with typical dispersionless substorm injections, we need to restrict dipolarization events to match those set for the dispersionless events by Liou et al. [2001a] . According to their results, most (>91%) of dispersionless (within 1 min) energetic particle injection events were found ±1 hour of MLT from the auroral breakups. Under this condition the typical delay time for the dipolarization events (24 events) is found to be 1.1 ± 2.4 min, which is smaller than the typical delay time for dispersionless substorm injections observed at geosynchronous orbit. This surprising result seems to contradict the notion that a magnetic dipolarization is accompanied by an injection of energetic particles. Interestingly, the earthward propagation speed of dipolarization has been found in a range of $180 -240 km s À1 Ohtani, 1998] , which is about twice of the typical speed ($5 -120 km s
À1
) of substorm injections [Moore et al., 1981; Reeves et al., 1996; Liou et al., 2001a] . If both dispersionless substorm injections and magnetic dipolarization are produced at the time and the location of the substorm onset and subsequently expand/propagate earthward, different timing should be expected earthward of the onset initiation site such as the geosynchronous orbit. Our statistical results, though obtained separately from different studies with different substorm events, support this view.
[33] It has been suggested that the frozen-in condition predicted by the MHD theory cannot be used in the turbulent, substorm initiation regions [Lui, 1996] . As a result, magnetic field and plasma do not move together. If it is true, then a similar delay time for magnetic dipolarizations and for dispersionless substorm injections should not be expected because substorms are generally initiated just outside of the geosynchronous orbit. Recently, Lui et al.
[1999] studied a substorm event when Geotail was in the plasma sheet at X GSM $ À10 R E . They found that the dipolarization associated with the substorm occurred without significant plasma flow or with tailward flow and during dawnward electric field. These observations clearly indicate that dipolarization is a non-MHD process. Therefore great caution must be taken when interpreting modeled substorm results that based on the MHD theory. On the other hand, a typical longer time for a dispersionless substorm injection than for a magnetic dipolarization to be seen at geosynchronous orbit may simply indicate that the injection is produced at a slightly later time than the dipolarization, perhaps associated with particle energization processes/ mechanisms. Further work is necessary to address this possibility.
[34] Comparison of onset timing between auroral breakup and dipolarization has been previously conducted by Frank et al. [2000] by using global auroral images and in situ measurements of magnetic field in the midtail region. They found an event of simultaneous dipolarization onset and auroral breakup in the two events studied. This particular event was observed by Geotail at a geocentric radial distance of $14 R E and within tens of minutes in local time of the magnetic field lines threading the onset auroral arcs. If dipolarization of magnetic field is associated with cross-tail current disruption, which occurs preferentially in the near-Earth plasma sheet from 6 to 10 R E [Lui, 1991; Kennel, 1992] , the actual dipolarization time should be earlier. It has been reported that the region of current disruption associated with substorms expands tailward at a speed of 2 -300 km s À1 [Jacquey et al., 1991; Jacquey et al., 1993; Ohtani et al., 1992; Baumjohann et al., 1999] . Since the onset arc for their simultaneous event was mapped to a geocentric radial distance of $10 R E [Frank et al., 2000] , it would take at least $1 min for the dipolarization signature to arrive at Geotail. Therefore the dipolarization event they studied might have occurred at least $1 min prior to the brightening of onset arcs. Our statistical results indicate that when GOES satellites were favorably located, the dipolarization at geosynchronous orbit may precede the auroral breakup by $1 min. The actual dipolarization time may have been even earlier if the propagation effect is taken into account. Therefore we conclude that dipolarization must occur at least $1 min prior to auroral breakup. This delay time must correspond to a round trip time for Alfvén waves communicating electromagnetic energy between the magnetosphere and the ionosphere, which is of the order of 1 min at 10 R E . Therefore auroral breakup can be used to time magnetospheric substorm onset with a small time delay of $1 min associated with the Alfvén transit time.
[35] Temporal relationships among substorm onset signatures are a building block for substorm models. The present finding of the time sequence between auroral breakups and magnetic dipolarizations confirms that both substorm onset signatures originate from a same source in the near-Earth plasma sheet. There has been a number of observational evidence indicating that substorm expansive phase onset starts in the near-Earth plasma sheet (4 -10 R E ) [e.g., Lopez et al., 1990; Samson et al., 1992; Jacquey et al., 1991; Lui, 1991; Erickson et al., 2000; Frank et al., 2000] . A slightly different approach based on time-of-flight analysis used by Liou et al. [2001a] and the present paper also suggests that the onset is first initiated in the near-Earth plasma sheet from X $ À7 to X $ À10 R E . Using Geotail magnetic field observations, Lui et al. [1998] produced a temporal sequence of magnetic field changes in the B z component relative to the averaged value ±10 from auroral breakups. They found that dipolarization first appeared at X $ = À10 R E (the closest orbit to Earth in the midnight sector) near midnight 2 min (or 1 -3 min) after the auroral breakups. This 2-min delay is most likely due to an expansion of the dipolarization region from a source inside of 10 R E from Earth. This mounting evidence, along with the present result, strongly suggests that dipolarizations take place typically inside of X $ À10 R E .
[36] Once the relationships between dipolarizations and auroral breakups are established, we should be able to test substorm models. There are two major competing substorm models: the near-Earth neutral line (NENL) model [e.g., Baker et al., 1996 and references therein] and the current disruption (CD) model [e.g., Lui, 1996 and references therein] . While most proponents of the two models accept the idea about the formation of substorm current wedge and near-Earth neutral line near substorm onset, the major wrangle between the two sides is which causes which. The advocates of the NENL model insist that it is the reconnection in the midtail region that initiates a sequence of substorm process, including the formation of a substorm current wedge in the inner plasma sheet region, while the supporters of the CD model believe that the substorm expansive phase is initiated in the near-Earth plasma sheet prior to the midtail reconnection. Therefore, to test these two models, one needs to compare the temporal sequence of a number of near onset substorm features.
[37] According to the NENL model, reconnection must occur prior to substorm onset. The major signatures predicted by reconnection are fast earthward plasma flows and tailward moving plasmoids. Lui et al. [1998] have recently studied synoptic patterns of plasma and magnetic field at Geotail orbits (ÀX $ 10-30 R E and jYj 20 R E ) near auroral onset. They found that dipolarization and fast tailward flows occurred at X $ = À10 R E and X $ = À28 R E , respectively, 2 (±1) min after the auroral onset. More recently, Miyashita et al. [2000] conducted a similar study for the plasma flow and magnetic field patterns using the Geotail data but with respective to Pi2 onset. They concluded that fast tailward flows, associated with plasmoids, started to develop in the premidnight plasma sheet (X $ = À28 R E ) 1 (±1) min before Pi2 onset and increases in B z (dipolarization) started immediately after the Pi2 onset. Although there is a 2 -3 min difference between the two study results, they are reasonably consistent because Pi2 onset lags behind auroral onset by 1 -3 min [Liou et al., 2000a] .
[38] From these timing studies, one can estimate the time for reconnection to occur relative to magnetospheric substorm onset (dipolarization). Previous studies have shown evidence indicating that the near-Earth neutral line is located between X $ À19 R E and X $ À30 R E [Nagai et al., 1998 , Baumjohann et al., 1999 . With a significantly larger number of Geotail events, Miyashita et al. [2000] determined the typical neutral line to be X $ À20 R E . We will take the neutral line location at this location (X $ À20 R E ) and 400 km s À1 for the speed of plasmoids (taken from both Lui et al. [1998] and Miyashita et al. [2000] results), it will take 2 min for the plasmoids to propagate and to be seen at X $ À28 R E . Therefore reconnection must be created 2 min prior to the dipolarization onset (1 min prior to the auroral onset). According to the NENL model, substorm current disruption is caused by braking of earthward fast flows Shiokawa et al. [1998] . Therefore the model requires that a fast flow propagate from X $ À20 R E to X $ À8 R E in 0 -1 min, implying an unrealistic fast flow speed of at least $1300 km s
. An average time of 4 min is SMP required for a typical fast flow speed of 300 km s
. This implies that NENL signatures should be seen at X $ À28 R E 3 min prior to auroral breakup, which obviously contradicts the Geotail observations. These self-inconsistencies suggest that near-Earth reconnection cannot occur before current disruption.
[39] On the other hand, these results seem to support the CD model. If a substorm is initiated at X $ 8 R E in the nightside tail region, it will take 1 -2 min for the dipolarization region reaches X $ À10 R E , as shown in both and Miyashita et al. [2000] results. According to the CD model, it is a rarefaction wave originating from the current disruption that causes further thinning of the midtail plasma sheet, ultimately leading to reconnection in the midtail region. Since typical fast-mode waves in the midtail region have a speed of a few thousand km s À1 Moore et al. [1987] , it only takes $1 min or less of the traveling time to reach the typical reconnection site (X $ À20 R E ), thereby a tailward moving plasmoid is produced and can be observed 2 min later at X $ À28 R E , as shown in both Lui et al. [1998] and Miyashita et al. [2000] results. Another strong support for the CD model is that fast earthward flows were rarely observed before substorm onset Miyashita et al., 2000] . Naturally, we cannot role out any other model that satisfies the above observational constraints.
Summary and Conclusions
[40] We have investigated the characteristics of dipolarization at geosynchronous altitude in terms of relative timing and location relative to auroral breakup. On the basis of 32 events that occurred within 2 hours in MLT from the auroral breakup, as determined from T89 magnetic field model, we found the following:
1. The onset of magnetic field dipolarization can have a delay of as much as 9 min relative to the auroral onset, though the average delay was much smaller, $1.7 ± 2.7 min ($1.0 ± 2.1 min for GOES being located ±1 hour from the breakup). A larger delay of more than 10 min is also possible for satellites located further away in local time from the breakup.
2. The delay time represents a propagation time in association with the expansion of auroral bulge in both latitudinal and longitudinal directions.
3. Dipolarization can be observed $1 min prior to auroral breakup when GOES was located $0.5 hour in MLT eastward of the breakup meridian, indicating that dipolarization, at its onset site, must occur at least 1 min prior to auroral breakup, depending on the Alfvén transit time.
4. The typical expansion speed of the current disruption region was estimated to be 60 km s À1 westward and 75 km s À1 eastward at 6.6 R E . 5. The average radial distance of initiation site was estimated to be 8.3 R E , and the azimuthal scale of the initial dipolarization region is $1 R E at this location.
[41] We also showed for the first time that dipolarization and auroral bulge closely map. The bulge is the region of currents out of the ionosphere. These results support current diversion into the ionosphere a a critical part of substorms. Timing analysis of the temporal sequence of near-substorm onset signatures favors the notion that the near-Earth neutral line in the midtail region is not a cause of current disruption in the near-tail plasma sheet.
